Optical properties of both linear and dimerized nanochains of titanium at different atomic distances are calculated using the full potential linearized augmented plane wave plus local orbital method, and using the generalized gradient approximation. When Ti nanochains were compressed, the position of critical points such as static dielectric constants and the main peaks in optical spectra shifted with an increased or decreased energy comparative to that at equilibrium constants. Under tensile strain ε1 max(ω) decreases in linear and dimerized structures. The plasma frequency for both structures decreases as the bond length increases. Moreover, the peaks of the energy loss function move toward higher energies with increasing bond length for linear structure, while they do not change significantly for the dimerized structure. The absorption for both nanostructures decreases by increasing the bond lengths.
Introduction
Fabricating monoatomic nanowires (NWs) is possible nowadays using advanced technology [1] . There are different experimental techniques that make it possible to growth nanostructured systems with desired dimensionality. These atomic chains which are used in nanodevices were created using systems such as carbon nanotubes [2] , directed assembly [3] , or self-assembly on stepped surfaces [4, 5] . It has been proved that changing the dimension of a system usually causes new physics: one-dimensional metal have a very different behavior to two-or three-dimensional metals. Recently a systematic ab initio studies of the magnetic and electronic properties of 3d transition metal (TM) nanowires suggested that all 3d TM in both linear and zigzag structures have a stable or metastable ferromagnetic (FM) state [6, 7] .
Titanium as one of the TM elements with a partially filled 3d shell has shown specific and exceptional behaviors in either bulk or nanowire forms. Large experimental investigations on Ti nanostructures have been done [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Nakamura et al. fabricated titanium nanowires in sapphire by utilizing lattice dislocations which exhibited excellent electrical conductivity [8] . Short suspended nanowires were fabricated by sweeping the metallic surface by the tip of a scanning tunneling microscope [9] . Scanning tunneling microscopy and scanning tunneling spectroscopy (STM/STS) of a titanium (Ti) amorphous film and titanium oxide dots were investigated at room temperature and ambient air by scanning tunneling microscope (STM) [10] . Fabrication of these nanostructures was also done by methods like electro deposition on paralytic graphite [16] . Pendelton and his group synthesized * corresponding author; e-mail: jafari@kntu.ac.ir the nanochains of titanium using crown ether as a template [15] . Other experimental studies on fabricating titanium nanostructures have been done on aluminum oxide [16] and by Ga+ focused ion beam [17] . Continuous wires of titanium atoms deposited on single wall carbon nanotube were formed by Zhang et al. [20, 21] .
Beside experimental efforts, theoretical calculations of electronic, magnetic, and optical properties of titanium nanochains have been carried out using methods such as molecular dynamics, semi-empirical tight binding, or ab initio density functional theory. At first, some simulations were manifested by the Monte Carlo approach [22] . Li et al. studied different structures of titanium nanochains in nonmagnetic state and found the zigzag structure as the most stable one [23] . Computational effort in this direction was led by the pioneering work of Zhu et al., who predicted the emergence of magnetism in titanium nanochains [24] . They found the equilibrium bond length and magnetic moment for different bond lengths of monatomic wire of Ti. Magnetic properties of 3d TM chains on vicinal Cu (111) surface were presented by Hashemi et al. [25] . Moreover, electronic and magnetic properties of Ti monolayers were investigated in both nonmagnetic (NM) and ferromagnetic (FM) states [26] . Ataca et al. put an emphasis on studying infinite periodic linear, dimerized, and zigzag titanium nanochains as well as finite short segments [7] . Bala et al. performed an informative work on titanium nanochains in NM, FM, and also antiferromagnetic (AFM) states [27] . They suggested that, among all Ti nanochains, at larger bond length values, dimerized structure was more stable and FM state was more favorable than AFM state.
The purpose of the present work is to make a systematic ab initio study of the optical properties of linear and dimerized titanium nanochains at different bond lengths. The ab initio calculations can give tan idea about properties well before choosing the material for any application. Optical properties of solids [28] are of wide interest because of their diverse applications in industrial and optoelectronic devices [29, 30] . The imaginary and real parts of dielectric function, energy loss function, and optical conductivity are also calculated to understand the effect of nanochains bond length on these properties.
Computational setup
Our results for linear and dimerized titanium nanochains are obtained using the all electron full potential linearized augmented plane wave (FPLAPW) method [31] . The exchange and correlation effects are treated using the generalized gradient approximation (GGA) [32, 33] with the formal Perdew-Burke-Ernzerhof (PBE) parameterization scheme [34] [35] [36] . Core states are treated fully relativistically with the inclusion of local orbitals for semi-core states (3s, 3p). For the valence states (3d, 4s), scalar relativistic approach is used, because for 3d transition metals, spin-orbit coupling does not have any significant effect on electronic and magnetic properties of the system [6] . For calculating the total energy of atoms, supercell approached is used and the distance between the atomic wires is taken to be about 10 Å, which is sufficient to eliminate the inter-wire interactions. In order to obtain reliable calculations, some convergence tests are performed to optimize the input parameters. Selfconsistency is achieved with the accuracy of 0.0001 eV using the sufficient number of k-points for computations in the irreducible Brillouin zone. To study the effect of interatomic distances on the optical properties, the simplest case is chosen for the nanosystems; i.e. a free standing linear chain. Scheme of atomic positions in supercell, cell dimension labeled d, and also periodicity of linear and dimerized Ti nanochains is shown in Fig. 1 . Moreover, in order to obtain reliable calculations, we perform some convergence test to optimize the input parameters. The parameters, which have to be tested, are mainly k-points and R mt -K max . An optimized number of k-points values was only 700 for the dimerized nanochains and reached to 1500 points for the linear ones.
In combination of spherical harmonic inside no overlapping spheres surrounding the atomic sites, that are called muffin-tin (MT) spheres, and in a Fourier series in the interstitial region in the MT sphere, we expanded the basis function of R mt K max for eigenvalues convergence.
K max is the maximum modulus for the reciprocal lattice vector and R mt is the average radius of the MT sphere. The convergence parameter R mt K max , which controls the size of the basis sets in this calculation is set to 8.5 for dimerized and 8 for linear nanochains of titanium.
More computational details such as the MT radii, atomic positions, and cohesive energy may be found in our previous work [37] .
Optical properties
In both theory and experiment, the optical properties of metals and also insulators have been investigated by electromagnetic wave radiation on the surface material with the wave vector of k and frequency of ω. Theoretically, by solving the Schrödinger equation in the presence of electromagnetic field and ignoring the nonlinear effect with the use of ab initio approach, the function of optical properties is obtained. Also, the imaginary part of the frequency dependent dielectric function ε 2 (ω) up to about 10 eV using the expression given in our previous work [38] . The real part ε 1 (ω) of the frequency-dependent dielectric function can be derived from the imaginary part using the Kramers-Kronig relation. From the real and imaginary parts of the frequencydependent dielectric function, the reflectivity R(ω), conductivity σ(ω), and electron energy loss I(ω) spectra can be calculated.
As the linear and dimerized Ti nanochains are more stable in nonmagnetic and ferromagnetic states, respectively, the optical properties of these atomic chains are studied in their stable state. In Fig. 2 , the real part of dielectric functions of linear and dimerized titanium nanochains of different bond lengths is illustrated. Overall, ε 1 (ω) is leveled off to the defined values of ε 1 (∞) after some fluctuations. Also, ε 1 (ω) spectra are observed to shift to less energies, while the length of the structures is increased. Moreover, ε 1 max (ω) Z. Sohrabikia, M. Jafari decreases by increasing the atomic distances. Similarly, in the imaginary part of the dielectric function for these two structures (not shown here), all the peaks move toward less energies with increasing bond length. Figure 3 shows the energy loss function for the linear and dimerized titanium nanochains. The plasma frequency (maximum value of energy loss function) for both structures decreases as the bond length increases. For the linear nanochains, this value is 2.4 at d = 2.1 Åand decreases to 1.27 at d = 2.45 Å. Similarly, for dimerized nanochains, the plasma frequency is 2.2 and 1.2 at d = 4.6 Åand d = 4.9 Å, respectively. Moreover, the peaks move toward higher energies with increasing bond length for linear structure, while they do not change significantly for the dimerized structure. The optical conductivity is determined according to the imaginary part of the dielectric function. In Fig. 4 , this characteristic is calculated at different frequencies.
For both of the structures, the optical conductivity decreases with increasing the atomic distance. The maximum value of the optical conductivity for the linear and dimerized titanium nanochains is at d = 2.1 Åand d = 4.6 Å, respectively, which are the minimum atomic distance in this investigation. Figure 5 demonstrates the optical reflectivity of the two nanostructures. Under tensile strain of the atomic distances, this parameter decreases. The optical reflectivity spectra of dimerized nanochains slightly alter by changing the bond lengths. Finally, the absorption coefficient for the linear and dimerized titanium nanochains is calculated under different atomic distances in the photon energy range of 0 to ≈10 eV, as displayed in Fig. 6 . A small absorption coefficient means that light is not absorbed by the material. Depth of penetration is defined by the distance at which the radiant decrease to 1/e of its incident value, in which α is the absorption coefficient.
The fundamental absorption corresponds to a strong absorption region which is in the order of 10 4 to 10 5 cm −1 . The fundamental absorption area is manifested by the rapid raise in absorption and is used for determining the energy gap of semiconductors. Figure 6 indicates that the absorption for both nanostructures decreases by increasing the bond lengths. These results also indicate that, under tensile strain, the absorption for linear nanochains moves toward higher energies.
Conclusions
In this paper, we have calculated the optical properties like dielectric function, loss function, optical conductivity, and reflectivity of linear and dimerized titanium nanochains using the LAPW method within GGA. Infinite and free standing periodic nanowires were considered with super cell approach. Peaks of the real part of the dielectric function were found to shift to the lower energies, while the length of the structures was increased. Moreover, the ε 1 max (ω) decrease by increasing the atomic distances was investigated. It was shown that the plasma frequency for both structures decreased as the bond length increased and the optical conductivity decreased with increasing the atomic distances. It was observed that the maximum value of the optical conductivity for the linear and dimerized titanium nanochains occurs for the minimum atomic distance in this investigation. We also calculated the absorption coefficient for the linear and dimerized titanium nanochains and found out that for both nanostructures, this value decreases by increasing the bond lengths.
